In Brief
The development of root system architecture is strongly influenced by gravity. Shih et al. reveal that the cyclic nucleotide-gated channel CNGC14 is required for the initial phase of Arabidopsis root gravitropism. Loss of CNGC14 function suppresses rapid auxin-dependent growth inhibition by abolishing Ca 2+ signaling in gravistimulated roots.
SUMMARY
In plant roots, auxin inhibits cell expansion, and an increase in cellular auxin levels on the lower flanks of gravistimulated roots suppresses growth and thereby causes downward bending. These fundamental features of root growth responses to auxin were first described over 80 years ago [1] , but our understanding of the underlying molecular mechanisms has remained scant. Here, we report that CYCLIC NUCLEOTIDE-GATED CHANNEL 14 (CNGC14) is essential for the earliest phase of auxin-induced ion signaling and growth inhibition in Arabidopsis roots. Using a fluorescence-imaging-based genetic screen, we found that cngc14 mutants exhibit a complete loss of rapid Ca 2+ and pH signaling in response to auxin treatment. Similarly impaired ion signaling was observed upon gravistimulation. We further developed a kinematic analysis approach to study dynamic root growth responses to auxin at high spatiotemporal resolution. These analyses revealed that auxin-induced growth inhibition and gravitropic bending are significantly delayed in cngc14 compared to wildtype roots, where auxin suppresses cell expansion within 1 min of treatment. Finally, we demonstrate that auxin-induced cytosolic Ca 2+ changes are required for rapid growth inhibition. Our results support a direct role for CNGC14-dependent Ca 2+ signaling in regulating the early posttranscriptional phase of auxin growth responses in Arabidopsis roots.
RESULTS AND DISCUSSION

Impaired Ion Signaling in Auxin-Treated Roots of the Cyclic Nucleotide-Gated Channel Mutant cngc14
The plant hormone auxin regulates a multitude of growth and developmental processes, such as embryo patterning, lateral organ development, and plant tropisms, and operates on timescales covering orders of magnitude. In roots, the fastest known physiological response to elevated auxin levels is an increase in cytosolic Ca 2+ concentration ([Ca   2+ ] cyt ) [2] . Influx of Ca 2+ from the extracellular space across the plasma membrane occurs within <10 s of auxin treatment and quickly activates transport processes resulting in apoplastic alkalinization [2] . This ionsignaling module has been shown to be an integral element of root gravitropism, where both cytosolic Ca 2+ changes and extracellular pH changes on the lower flank of the gravistimulated root precede gravitropic bending [3, 4] . However, neither the molecular components nor the functional role of this ion-signaling pathway have been elucidated.
To identify the ion channel(s) responsible for this Ca 2+ conductance, we screened Arabidopsis mutants harboring T-DNA insertions in genes of the cyclic nucleotide-gated channel (CNGC) family for defects in auxin-induced ion signaling. In Arabidopsis, the CNGC gene family comprises 20 members, of which several have been characterized electrophysiologically and shown to conduct monovalent or divalent cations including Ca 2+ [5] [6] [7] [8] [9] [10] . Cytosolic Ca 2+ signaling in roots is consistently linked to extracellular alkalinization [2, 11] . To avoid having to introduce Ca 2+ sensors into multiple mutant backgrounds, we initially measured auxin-induced, Ca 2+ -dependent extracellular alkalinization as a proxy for auxin-induced [Ca 2+ ] cyt transients [11] . Among the screened CNGC mutants, three independent insertion alleles of CNGC14 (Figures S1A and S1B) exhibited a complete loss of the root alkalinization response ( Figures  1A and S1C ). qPCR analysis showed that CNGC14 was expressed in the growing tip and mature zone of the root but was transcribed at much-lower levels in aerial tissues of Arabidopsis seedlings ( Figure S1D ). However, fluorescence imaging of CNGC14-eGFP driven by its native promoter revealed that, even in roots, expression was extremely weak. In epidermal cells of the root meristem, some fluorescence signal was clearly localized to the plasma membrane ( Figure 1B ), but in cells of the root cap and root elongation/mature zone, only weak diffuse signal was detectable (data not shown). Complementation of the cngc14-1 mutant with pCNGC14::CNGC14-eGFP restored auxin signaling competency, confirming that pH signaling defects were due to loss of CNGC14 expression and that the GFP fusion protein was functional ( Figure 1A ). We then introduced the genetically encoded FRET-based Ca 2+ sensor YC3.6 into the cngc14-1 and -2 backgrounds and monitored cytosolic Ca 2+ levels in auxin-treated cngc14 mutants. The rapid auxin-induced [Ca 2+ ] cyt elevation typical of WT roots was invariably abolished in the mutant (Figures 1C-1E ). In contrast, ATP-induced [Ca 2+ ] cyt transients [12] were not compromised in cngc14 ( Figure 1F ), providing evidence that the mutant is not generically impaired in Ca 2+ signaling but rather that CNGC14 plays a distinct and essential role in auxin-dependent Ca 2+ signaling in roots.
Gravitropic Ion Signaling and Root Bending Are Delayed in the cngc14 Mutant We next explored the role of CNGC14 in root gravitropism as an example of endogenous auxin signaling. In a vertically growing root, auxin moving acropetally (rootward) through the root stele is laterally redistributed in the root columella and then transported basipetally (shootward) along the lateral root cap cells and root epidermis into the elongation zone. When a root is reoriented relative to the gravity vector, displacement of amyloplasts in the columella cells redirects auxin flux preferentially to the lower flank of the gravistimulated root [13] . Auxin accumulation in the lower epidermis then triggers an increase in [Ca 2+ ] cyt with accompanying extracellular alkalinization [2, [14] [15] [16] . Elevated auxin levels on the lower flank also locally inhibit cell expansion, which ultimately results in downward bending of the root [1, [17] [18] [19] [20] . In WT seedlings, root surface pH values on the upper and lower root flanks became asymmetric 3.1 min after the start of gravistimulation (paired, two-sided Student's t test; p % 0.05; Figures 2A and S2A ), similar to previous reports [2, 16] . Interestingly, the onset of this pH response was clearly delayed (asymmetry 9 min after tilting; p % 0.05) and attenuated (average pH gradient for WT = 0.26 ± 0.06 pH units; for cngc14 = 0.11 ± 0.09 units; two-sided Student's t test; p = 0.018) in the cngc14 mutant ( Figure 2A ] cyt increase is detectable first in the root epidermis and then migrates into the stele. (E) Loss of auxin-induced Ca 2+ signaling in the root elongation zone of a representative cngc14-1 mutant.
(F) Cytosolic Ca 2+ signaling is not impaired in cngc14 exposed to 100 mM ATP. [Ca 2+ ] cyt was monitored in lateral root cap cells adjacent to the columella. Means + or À SD of n = 4 independent experiments for each genotype are shown. threshold in cngc14 [21] . A high-resolution analysis of root gravitropic bending showed a similar delay in the cngc14 growth response ( Figures 2C and 2D ). Whereas WT roots initiated bending 4 min after gravistimulation (one-sided Student's t test; p % 0.05), downward bending only became statistically significant 11.5 and 12.5 min after tilting in cngc14-1 and -2 mutants, respectively (p % 0.05; Figures 2D and S2B ). On the other hand, vertically growing cngc14 mutants showed normal orientation, i.e., no increased deviation from 0 (Figure S2C) . CNGC14 thus appears to be essential specifically for the earliest phase of Arabidopsis root gravitropism. To test whether the attenuation in graviresponsiveness in the mutant was an effect of defective starch accumulation in columella amyloplasts [22, 23] , we stained WT and cngc14-1 mutant roots with Lugol's iodine solution. Starch-filled amyloplasts were present in the root caps of both genotypes, and we observed no obvious difference in columella organization (Figures 2E-2H ). We also found no evidence for impaired root growth in the cngc14 mutant. Organization and dimensions of root meristem and elongation zone were very similar under our experimental conditions, whether analyzed by propidium iodide staining of cell walls ( Figures 2G and 2H) or by high-resolution kinematic analysis (length of elongation zone for WT = 620 ± 69 mm; for cngc14-1 = 676 ± 90 mm; two-sided Student's t test; p = 0.28) [11] .
Rapid Auxin-Induced Root Growth Inhibition Is CNGC14 and Ca 2+ Dependent A delay in the root graviresponse can be caused by defective/ slow basipetal auxin transport from the root cap [13] and/or by compromised auxin responsiveness within the root elongation zone. We first confirmed that defects in basipetal auxin transport do not necessarily inhibit the ability of roots to initiate rapid ion signaling when treated with auxin. Loss-of-function mutants in the auxin influx carrier AUX1 show normal alkalinization in the presence of indole-3-acetic acid (IAA) [2] . Furthermore, auxininduced [Ca 2+ ] cyt changes were not attenuated in aux1 mutants when roots were treated with 2,4-D, a synthetic auxin analog whose uptake is strongly dependent on AUX1 [24, 25] (Figure S3A) . Such global exposure of the root to auxin bypasses any requirement for basipetal auxin transport. To test the auxin response competency of cngc14 roots, we then measured the effect of exogenously applied auxin on root cell expansion. Previous reports have demonstrated fast auxin-induced growth inhibition in maize and pea roots within 3-11 min of treatment [26] [27] [28] . Using a high-resolution kinematic analysis, we found that, in WT Arabidopsis, 1 mM auxin inhibited root growth within <1 min of treatment by rapidly reducing cell expansion throughout the entire elongation zone (Figures 3A and 3B ; root growth was significantly reduced by 0.75 min after treatment; two-sided Student's t test; p = 0.018). In contrast, root growth of the cngc14 mutant was initially unaffected by auxin and only decelerated after approximately 7 min (Figures 3A and 3B ; root growth was significantly reduced by 7.25 min after treatment; p = 0.026), i.e., with a similar time lag as the gravitropic bending response of cngc14 (cf. Figure 2D ). These data indicate that, whereas defects in Ca 2+ and pH signaling in cngc14 mutants may well have some effect on the velocity of basipetal auxin transport, the primary cause of the mutant's delayed gravitropic curvature is clearly impaired auxin responsiveness in cells of the elongation zone. Because loss of CNGC14 expression abolishes both rapid auxin-induced Ca 2+ signaling and rapid suppression of cell expansion, we hypothesized that the early phase of . Growth was then monitored under control conditions for 15 min before the medium was exchanged for medium containing 1 mM auxin (left and middle) or medium containing 300 mM Note that the pH response of cngc14 is delayed but approximately coincident with the second phase of the WT pH response. Arrows indicate time points when the root surface post-auxin treatment becomes significantly more alkaline than surface pH prior to treatment (p < 0.05). Asterisk indicates time point when the WT root surface pH increases significantly above the average surface pH 2 or 3 min post-auxin treatment (start of second phase). The initial acidification of the root surface immediately after auxin addition in both WT and cngc14 roots is an artifact of mixing the medium. (D) Heat plot of auxin-induced surface pH changes in a representative WT and cngc14 root at every position along the length of the growing root region over time [2] is shown. Means + or À SD or representative examples of n = 5 independent experiments for each genotype are shown. See also Figure S3E . (E) Auxin-induced root surface alkalinization is not impaired in the abp1-null mutant alleles, abp1-c1 and abp1-TD1. Auxin-induced root surface alkalinization is blocked by pretreatment with the Ca 2+ channel blocker La 3+ , indicating that auxin-induced alkalinization is also Ca 2+ dependent in the apb1 mutant background.
Means + or À SD of n = 4 independent experiments for each genotype are shown.
growth inhibition is a consequence of [Ca 2+ ] cyt elevation. Cytosolic Ca 2+ signaling in response to abiotic or biotic stresses has been documented extensively, and many reports show that Ca 2+ regulates both transcriptional and posttranscriptional processes [29] [30] [31] [32] [33] . However, a role for [Ca 2+ ] cyt in modulating diffuse growth is not as well supported. An intriguing early study by Hasenstein and Evans [34] showed that pretreatment with the Ca 2+ chelator EGTA attenuated auxin-induced growth inhibition, but it was not clear whether these effects were due to compromised auxin-dependent [Ca 2+ ] cyt signaling or to removal of Ca 2+ from pectate crosslinks in the cell wall [35] . To determine whether [Ca 2+ ] cyt changes directly contribute to rapid growth inhibition in response to auxin, we blocked auxin-induced [Ca 2+ ] cyt elevation by pretreatment with the Ca 2+ channel blocker La 3+ .
Lanthanum ions are commonly used to precipitate phosphate, a process that is accompanied by strong acidification of the growth medium (for unbuffered medium, the pH drops from 5 to <3 in less than 5 s), which in turn triggers an increase in [Ca 2+ ] cyt ( Figure S3B ). To eliminate this side effect of La 3+ treatment, we used a modified growth medium, which lacked phosphate. In the absence of phosphate, no Ca 2+ response was elicited by addition of La 3+ ( Figure S3B ). When Ca 2+ signaling was blocked by La 3+ [2] , auxin did not elicit an immediate reduction in cell expansion. Instead, roots continued to elongate for at least 10 min before growth was noticeably impaired ( Figure 3A) .
However, La 3+ in the absence of auxin also eventually caused growth inhibition ( Figure S3C ), suggesting that longer-term exposure to La 3+ may have toxic side effects. Simply exchanging phosphate-free control medium with control medium did not result in growth inhibition ( Figure S3D ). These results indicate that CNGC14-dependent [Ca 2+ ] cyt elevation is a key element of the signal transduction machinery linking auxin perception in the root elongation zone to rapid growth control. However, our data also underline the modular nature of auxin growth responses in roots. Whereas the initial phase of auxin-induced growth inhibition requires CNGC14-dependent [Ca 2+ ] cyt signaling, loss of this signaling module did not render roots agravitropic or completely insensitive to auxin. Even in the absence of CNGC14, auxin signaling elicited a delayed and more-gradual phase of extracellular alkalinization, which also appeared to be present in WT roots (Figures 3C-3E ; Figure S3E ; root surface alkalinization increased significantly by 0.28 min for WT, with a second phase after 4.5 min, and 5.1 min for cngc14; two-sided Student's t test; p % 0.05). Whether this second phase of alkalinization is also Ca 2+ dependent remains to be determined. influx and subsequent pH changes is currently not understood. Auxin-induced pH signaling in roots appears to occur independently of the TIR1/AFB-AUX/IAA pathway [2, 36] . Instead, it has been argued that AUXIN-BINDING PROTEIN 1 (ABP1), in concert with the TMK receptor-like kinases [37] , plays a role in triggering posttranscriptional auxin responses such as auxindependent ion signaling [38] . However, given the recent discovery that CRISPR-engineered and T-DNA insertion abp1-null mutants do not exhibit auxin-related developmental or growth defects [39] , this model must be critically re-examined. We investigated the effect of auxin on root surface pH in abp1-null mutants [39] and found that loss of ABP1 function did not compromise auxin-induced, Ca 2+ -dependent extracellular alkalinization ( Figure 3E ). Another, as yet unidentified auxin receptor thus appears to be responsible for activating CNGC14-dependent root ion signaling.
Conclusions
In this study, we have identified CNGC14 as a mediator of rapid auxin-induced Ca 2+ signaling (Figure 4) . We have further provided evidence that auxin-induced [Ca 2+ ] cyt elevation is key to repressing growth in the diffusely expanding cells of the root elongation zone. Intriguingly, this is reminiscent of how growth is thought to be regulated in tip growing cells. In pollen tubes and root hairs, pharmacological and genetic evidence suggest that [Ca 2+ ] cyt signaling is required to prevent uncontrolled cell expansion and cell rupture [40] [41] [42] . Moreover, in plant defense responses, both Ca 2+ signaling and seedling growth inhibition are triggered by various pathogen-and damage-associated molecular patterns (PAMPs and DAMPs) [43] . Finally, Ca 2+ transients and rapid growth arrest are observed in plant organs exposed to mechanical stretching [11, 29, 44] , although a causal relationship between these processes has not yet been established. Calcium signaling in growing tissues may thus serve as ] cyt changes do not appear to require auxin uptake into the cytoplasm (Figure S3A ). Elevated [Ca 2+ ] cyt then rapidly regulates unknown membrane transport processes (4) to increase extracellular pH (5) . A CNGC14-independent signaling pathway (6), activated by the same or other auxin receptor, also causes cell wall alkalinization. Whether this alkalinization process is regulated by Ca 2+ remains to be determined. The response kinetics of this second phase of alkalinization are consistent with both posttranscriptional and very fast transcriptional regulation. Extracellular alkalinization and/or other Ca
2+
-activated processes not described here contribute to a reduction in cell wall extensibility and concomitant reduction in cell expansion (7) .
part of a conserved ion-signaling module to quickly limit growth in response to environmental or developmental cues. We speculate that, during the evolution of auxin-signaling pathways, roots recruited this existing signaling module and thereby accelerated gravitropic growth responses. It will be interesting to test whether this signaling cascade is particularly relevant in young seedling roots, which may be under greater pressure to quickly establish in soil after germination. 
